Production of guanosine-5'-monophosphate and inosine-5'-monophosphate by fermentation. Appl. Microbiol. 14: 821-825. 1966.-A biotin-requiring coryneform bacterium which produces glutamic acid was mutated to adenine dependency. The adenine-requiring strain, which excreted inosine-5'-monophosphate (IMP), was further mutated to xanthine dependency. As expected, IMP was also excreted by this mutant. The mutant strain was reverted to xanthine independence in an attempt to obtain a culture with an altered IMP dehydrogenase which would be less sensitive to feedback inhibition by guanosine-5'-monophosphate (GMP). A revertant was obtained which produced GMP and IMP, each at 0.5 g per liter. The reversion to xanthine independence had resulted in a concomitant requirement for isoleucine, leucine, and valine. Further mutation to increased nutritional requirements led to culture MB-1802, which accumulated 1 g per liter each of GMP and IMP. Both nucleotides were isolated in pure form. The concentrations of GMP and IMP produced by MB-1802 were four times that of cytidylate, uridylate, or adenylate, indicating that the mechanism of GMP and IMP production was direct and not via ribonucleic acid hreakdown.
In order of decreasing activity, the purine nucleotides, guanosine-5'-monophosphate (GMP), inosine-5'-monophosphate (IMP), and xanthosine-5'-monophosphate (XMP), are potent flavoring agents for foods, whereas adenosine-5'-monophosphate (AMP) has no such activity (6) . Because auxotrophs of a glutamic acid-producing coryneform bacterium excrete intact nucleotides rather than the free bases or nucleosides, such mutant cultures have been successfully used to produce high yields of IMP and XMP (3, 9, 10) . The most potent flavoring nucleotide, GMP, has not yet been produced in high concentration by fermentation except via enzymatic breakdown of excreted ribonucleic acid (RNA; 2). A direct GMP fermentation was considered to be more efficient than one involving RNA, as the precursors of nucleotides would be channeled into synthesis of GMP only; products lacking flavoring activity, such as AMP, cytosine-5'-monophosphate (CMP), and uridine-5'-monophosphate (UMP) would not be produced. This would also simplify the isolation process. A major obstacle to the accumulation of GMP may well be its activity as a feedback inhibitor of IMP dehydrogenase (8) , as shown in Fig. 1 . For this reason, mutants lacking adenylosuccinate synthetase excrete IMP rather than XMP and GMP. Methods of bypassing this control mechanism include removal of the inhibitor or modification of the enzyme. The first approach is the basis of the XMP fermentation; i.e., by inhibiting synthesis of GMP through elimination of XMP aminase and by feeding low Media. Although various media and n were used during these studies, those desc were found to be the most useful.
The slant medium for temporary mai cultures has been described (3). Fresh prepared monthly and stored at 4 C. In dium was identical, except that agar was was prepared in 250-ml Erlenmeyer flas which contained 20 ml of medium.
The production medium used for IMP by those mutants which produce only thir i.e., MB-1762 and MB-1765, has been d The following production medium was of choice for the mutants F-nitroso-N'-were done on seeded agar on the surface of which ic., Jamaica, were placed paper discs saturated with individual or ultures were groups of amino acids, vitamins, and nucleic acid red state, as derivatives. y to excrete
In all media, deionized, charcoal-treated water periods on was used. Thiamine was included to reverse any possible toxicity of adenine. Fermentation conditions nodifications were the same as previously used (3) . cribed below Assays. The determination of ultraviolet-absorbing materials and the enzymatic assay for IMP were intenance of described by Demain et al. (3) . GMP was determined slants were by microbial assay with the use of the guanine-reLoculum me-quiring mutant of Bacillus subtilis MB-1517. Since s omitted. It this assay for "total guanines" (4) measures all low sks, each of molecular weight guanine compounds, broths were first checked by paper chromatography to insure that production GMP was the only such compound present. In certain nucleotide, media used early in the investigation, guanine or escribed (3). guanosine predominated over GMP. However, no the medium breakdown of GMP was generally observed in the both GMP final production medium developed. Ion-exchange fractionation. Quantitative separation and estimation of nucleotides in broth supernatant fluid were accomplished by a slight modification of the method of Lento, Ford, and Denton (7), in which broth was applied directly to the column without preliminary desalting on carbon. The desalting step was eliminated to avoid possible losses of nucleotides on carbon (11) . The resin used was Dowex 1 X 8, 200 to 400 mesh, in the formate form. Convex gradient elution with formic acid-sodium formate gave excellent separations of all of the standard nucleotides except XMP and IMP, which overlapped slightly. However, XMP was not found in the broths. Column eluates were monitored by ultraviolet light at 260 m,u. The peak fractions were combined, were neutralized to pH 7.0, and were measured at 250, 260, and 280 mg. The ratios of absorbances at 250/260 mM and at 280/260 mu, the order of elution, and paper chromatography served to identify each peak.
RESULTS AND DiscussIoN
Mutation to dependence on adenine and xanthine. In a manner similar to that described previously (3), the biotinless, glutamic acid-producing culture, ATTC 13761, was mutated to adenine dependency. Whereas the parent strain does not excrete nucleotides, the resulting mutant, MB-1762, was found to excrete the intact nucleotide, IMP, and presumably lacked adenylosuccinate synthetase. Further mutation to xanthine dependence led to strain MB-1765. This mutant required biotin, adenine, and xanthine for growth, and excreted IMP. The xanthine requirement could also be satisfied by guanine; the organism presumably lacked IMP dehydrogenase.
Mutation to production ofGMP. Since MB-1765 apparently lacked the ability to produce IMP dehydrogenase, it was felt that, upon reversion to xanthine independence, some of the revertants might produce an altered form of this enzyme, less sensitive to inhibition by GMP. A series of revertants were obtained by mutagenic treatment and were tested for ability to excrete GMP. One such culture, MB-1806, was found to excrete GMP at about 0.5 g per liter. In addition, a similar concentration of IMP was produced. When the nutritional requirements for growth of MB-1806 on the chemically defined agar medium were examined, it was found that the culture had not only lost its dependence on xanthine but also had acquired a block in the isoleucinevaline-leucine pathway. Growth of MB-1806 occurred when isoleucine was present. However, growth was poor unless leucine also was added. Best growth occurred when the medium was supplemented with isoleucine, leucine, and valine.
The new mutant, in addition, was very sensitive to inhibition by threonine or phenylalanine.
Further mutation of MB-1806 was carried out, and isolates with additional requirements were obtained and tested for increased ability to produce GMP. One such mutant, MB-1802, was able to excrete approximately 1 g per liter each of GMP and IMP. The new additional requirements were methionine, phenylalanine, and threonine, with further growth stimulation by cystine and tryptophan. Concentrations of phenylalanine and threonine higher than those required for growth were toxic; in this respect, MB-1802 resembled its parent, MB-1806.
Preliminary identification of GMP and IMP.
Paper chromatography of broth from MB-1802 in systems A, B, C, and D indicated the presence of GMP and IMP as the two major ultravioletabsorbing bands. The fluorescent band in each case co-chromatographed with authentic GMP. Since guanosine 2'(3')-monophosphate migrates in most systems at a rate similar to GMP, an effort was made to demonstrate that the organism had produced the 5'-isomer. It was found that when systems A and B were used in a double development procedure, GMP could be separated from the 2'(3')-isomer. In this method, the chromatogram is developed once and air-dried, and then is developed again in the same solvent. When broth was mixed with GMP and with guanosine 2'(3')-monophosphate and chromatographed in this manner, the fluorescent band in the broth co-chromatographed in both systems with GMP, and not with the 2'(3')-isomer.
Further proof was obtained with the use of 5'-nucleotidase. Broth (1.5 ml) was chromatographed on five sheets of paper in system A. The fluorescent bands were cut out and were eluted with water. The eluted material was lyophilized and made up in 0.3 ml of water. Incubation with 5'-nucleotidase resulted in the disappearance of most of the nucleotide and in the appearance of a heavy guanosine band. Control experiments showed that the enzyme attacked GMP but not guanosine 2'(3')-monophosphate.
Isolation of GMP and IMP. A large number of flasks of production medium were inoculated with MB-1802 and were incubated for 4 days at 28 C. After removal of the cells by centrifugation, bio-and enzyme assays showed that the pooled broth (1,425 ml, pH 5.9) contained 1,280 mg of GMP (calculated as Na2GMP .2H20) and 1,750 mg of IMP (calculated as Na2IMP * 7.5H20). On overnight storage in the cold, the GMP content of the broth dropped to 945 mg, whereas IMP decreased to 1,600 mg. The broth was treated with Amberlite IR-120 ion-exchange resin in the hydrogen form to pH 3.0 to eliminate VOL. 14, 1966 cations, and the resin was removed by filtration. The broth filtrate was then neutralized to pH 8.0 with solid MgO and finally to pH 9.5 with concentrated ammonium hydroxide to remove inorganic phosphate as insoluble MgNH4PO4. The precipitate was removed by filtration with the aid of Supercel. At this point, bio-and enzyme assays showed 705 mg of GMP and 1,600 mg of IMP. The filtrate was added to a column containing 360 ml of Dowex 1 x 2 ion-exchange resin in the acetate form at a rate of 36 ml/min. The column was washed successively with 1,440 ml of water, 1,440 ml of 1 N acetic acid, and 1,440 ml of 0.06 M phosphoric acid. Elution of the column with 2,500 ml of 0.3 M phosphoric acid revealed two peaks of ultraviolet-absorbing material which overlapped slightly. The first peak contained 550 mg (bioassay) and 810 mg (ultraviolet) of GMP; the second contained 1,600 mg (enzyme assay) and 2,300 mg (ultraviolet) of IMP.
Fractions corresponding to the GMP-containing peak were pooled and concentrated in vacuo at 40 C to 50 ml. The solution was treated with Amberlite IR-120 ion-exchange resin in the hydrogen form to pH 1.3, the resin was removed by filtration, and the filtrate was further concentrated to 10 ml. The addition of 25 ml of p-dioxane produced crystalline GMP dioxanate. GMP dioxanate is a complex containing GMP, p-dioxane, and water in a 1 :1 :1 molar ratio (12 
